Bovine papillomavirus type 1 (BPV-1) DNA replicates episomally and requires two virally expressed proteins, El and E2, for this process. Both proteins bind to the BPV-1 genome in the region that functions as the origin of replication. Bovine papillomavirus type 1 (BPV-1) is a member of the papovavirus family and is the prototype virus for the papillomavirus subgroup. The BPV-1 genome can be taken from its natural host and will replicate, in both stable and transient replication assays (13) (14) (15) 27) , in a variety of animal cell lines including C127 and NIH 3T3 cells (8, 12, 14, 27, 32 (27) . El was first shown to be a site-specific DNA-binding protein with a bacterially expressed El-related fusion protein termed . RecA-El binds specifically to a 219-bp BPV-1 fragment spanning nucleotides 7819 to 93.
Bovine papillomavirus type 1 (BPV-1) is a member of the papovavirus family and is the prototype virus for the papillomavirus subgroup. The BPV-1 genome can be taken from its natural host and will replicate, in both stable and transient replication assays (13) (14) (15) 27) , in a variety of animal cell lines including C127 and NIH 3T3 cells (8, 12, 14, 27, 32) . The 7,945-bp viral genomic DNA is preserved in these cells as an extrachromosomal entity at a constant copy number of 50 to 200 molecules per cell (8) . Because of its limited genomic coding capacity, BPV-1 requires cellular host DNA replication factors and enzymes for its replication. This dependence on the host cell replication machinery makes BPV-1 a useful model for general studies of cellular replication mechanisms and control. However, a necessary first step will be the careful definition of viral cis and trans replication elements.
Two viral proteins are unequivocally required for transient replication of the viral DNA, the full-length El open reading frame protein and the full-length E2 open reading frame protein, E2TA (27) . El was first shown to be a site-specific DNA-binding protein with a bacterially expressed El-related fusion protein termed RecA-El (30) . RecA-El binds specifically to a 219-bp BPV-1 fragment spanning nucleotides 7819 to 93. Cleavage of this fragment at the unique HpaI site eliminates El binding, indicating that the El binding site is located proteins are absolutely required for replication of their respective genomes, are located predominantly in the nucleus (6, 9) , are origin-binding proteins (6, 21, 28, 30) , have DNA helicase (6, 21) and origin-unwinding activity (6, 20, 21) , and have DNA-dependent ATPase activity (21) . T antigen binds a 27-bp palindromic sequence at the SV40 origin and assembles into a multimeric complex that orchestrates the initial unwinding of the SV40 origin (5, 6) . Given the similarities between T antigen and El, it is likely that El also functions in a complex fashion to promote initiation of BPV-1 replication. In this paper, we show that El binding specificity is contained within an 18-bp inverted repeat (IR) element that includes the unique HpaI site at the origin of replication. However, while specificity resides within the 18-bp IR, formation of a stable El-DNA complex requires additional nonspecific flanking sequences.
MATERIALS AND METHODS
Exonuclease III protection assay. RecA-E1 was immunoprecipitated with anti-El249 serum (31) and protein A-Sepharose (Pharmacia) as previously described (30) . The washed immunocomplex was resuspended in 20 ,ul of 0.05 M TNE (10 mM Tris-HCl, 50 mM NaCl, 0.1 mM EDTA, pH 7.0) containing 50 ng of a 214-bp single end-labeled DNA. This double-stranded DNA substrate was produced by PCR amplification of pd-BPV-1 DNA with primers whose 5' ends were at BPV-1 nucleotides 7830 RecA-El protein were prepared as previously described (30) .
DNA binding assays with the oligos were performed as previously described (30) (30) . The HpaI region is now known to be the functional origin of replication (28, 33) , suggesting that the interaction of El with sequences in this region will be critical for the replication process. Subsequent DNase I footprinting with the RecA-El protein showed a clearly delimited 28-bp protected region from nucleotides 7932 to 15 on the lower strand, a region which encompassed the HpaI site (29) . Protection of this region was also observed on the upper strand, though the protection was less pronounced and extended further in both the 5' and 3' directions. Similar extended DNase I protection has been reported previously, confirming the general location of the El binding site on the BPV-1 genome (28, 33) .
Since the boundaries of El protection on the upper strand were difficult to define precisely by DNase I footprinting, we performed exonuclease III footprinting of RecA-EI bound to an origin-containing fragment (Fig. 1) CACCGAAACCGGTAAGTAAAGACTAT GTAT T TT TTCCCAGT GAATAAT TGT TGT TAACAATAATCACACCATCACCGTT T T TTCAAGCGGGAAAAAA   T CGAGTGGCTTTGGCCAT TCAT T T CT GATACATAAAAAAGGGT CACT TAT TAACAACAAT TGT TAT TAGTGTGGTAGTGGCAAAAAAGT TCGCCCTTTT Fig. 3 . The second set consisted of 18-base oligos spanning the A/B IR. Each oligo was end labeled and used in single-stranded, double-stranded, and ligated forms as a substrate for RecA-El binding in the immunoprecipitation assay (Fig. 4) . None of the singlestranded oligos was bound by RecA-El in this assay (data not shown). In addition, the monomeric, double-stranded forms of the 18-mer and 32-mer oligos were not efficiently bound by RecA-El under these conditions; no binding to the 18-mer was observed, and only minimal binding to the 32-mer was detected ( . No binding to these ligated oligos was detected with extracts lacking RecA-El ("IP*" lanes) or when the immunoprecipitations were performed with preimmune serum ("pl" lanes), confirming that the precipitation of these ligated oligos was El dependent. Furthermore, binding to the ligated BPV-1 oligos was sequence specific as no El-specific binding was detected to either of two control oligos (an 8-bp HindIII linker or an 18-bp AT-rich oligo) in monomeric, double-stranded form (not shown) or after self-ligation (Fig. 4C) . Note that the AT-rich oligo consisted of an 18-bp IR sequence with an AT content similar to that of the BPV-1 origin 18-mer and yet still failed to bind El. Consequently, the observed binding of RecA-El to the ligated BPV-1 oligos was not simply a function of nonspecific binding to larger-size or AT-rich DNA, but reflected a true sequence specificity. The ability of RecA-El to bind the ligated 18-mer indicated that sequences contained within the 18-bp IR were sufficient to confer specific recognition and binding by El.
To further confirm the specificity of the El fusion protein for these oligos, a competition assay was performed. Purified pdBPV-1 plasmid DNA was digested with Avall and radiolabeled as previously described (30) . Among the fragments generated was a 219-bp fragment that contained the El binding site and the BPV-1 origin of replication. Using the same immunoprecipitation conditions described above, bacterial extracts containing RecA-El were incubated with the radiolabeled pdBPV-1 fragments and increasing amounts of the unlabeled oligos in the double-stranded monomeric form or in the ligated form. The C. Oligos were in either monomeric double-stranded ("ds" lanes) or ligated ("lig ds" lanes) forms as indicated. Precipitations were performed with extracts containing RecA-El ("IP" lanes) or control extracts lacking RecA-El ("IP*" lanes). All precipitations used anti-El serum except lanes marked "pl," which used preimmune serum. For monomeric double-stranded DNA samples, El protein was first immunoprecipitated and then incubated with the DNA substrates. Oligomeric substrates were mixed directly with the El extracts, and the El-DNA complexes were coprecipitated. Lanes without the "IP" designation were marker lanes showing the oligos used as substrates for the binding reactions.
binding to short pieces of DNA was poor. One possible explanation for this was that stable binding of El required the 18-bp recognition element in the context of additional nonspecific DNA sequence. Presumably, these additional nonspecific sequences would contribute to the thermodynamic stabilization of the El-DNA complex such as that observed for the bacterial catabolite gene activator protein (11) . This also would be consistent with the footprinting results which indicated a significant El-DNA interaction beyond the boundaries of the 18-bp IR.
To test this hypothesis, both the double-stranded 18-mer and the 32-mer were cloned into pUC18 and the resulting constructs were designated pUC18/18-mer and pUC32-mer, respectively. PCR-amplified pUC18/18-mer or pUC32-mer DNA was digested with four pairs of restriction endonucleases to generate fragments with BPV-1 sequences flanked by various lengths of nonspecific DNA. The digestions also released similar-size plasmid-derived fragments lacking BPV-1 sequence which served as internal specificity controls. The fragment mixtures were radiolabeled with a DNA polymerase fill-in reaction and then tested for binding to RecA-E1 by the immunoprecipitation procedure. The results for the cloned 18-mer are shown in Fig. 5 , and similar results were obtained for the cloned 32-mer (not shown). In all cases, the fragments containing the 18-mer sequence were specifically bound by RecA-El (Fig. 5A) . No binding was detected to plasmidderived fragments lacking the 18-mer sequences, once again confirming that the 18-bp IR element was sufficient to confer El binding specificity. While no binding was observed for the monomeric 18-mer (Fig. 4) , binding could be detected to the cloned 18-mer within a fragment of overall length of 31 bp (Fig. 5A) . It was also observed that the relative binding by RecA-El increased with increasing fragment size (Fig. 5B) question in the absence of confounding effects due to differences in the overall length of flanking sequences, binding of El to the 18-mer and the 32-mer sequences was examined with each sequence embedded within a much larger fragment (256-bp overall length for the 18-mer and 270 bp for the 32-mer (Fig. 7A) . Removal of either half-site drastically reduced binding of RecA-El to the origin region (Fig. 7B) WT: half-site in a pUC18 fragment was insufficient to direct specific binding by RecA-El (7) . For both the deletion mutants and the cloned half-sites, the BPV-1-derived sequences were contained within a larger DNA fragment for the binding assay. Consequently, failure to bind was not due to a lack of nonspecific protein-DNA contacts. We conclude from these studies that the presence of sequences in both halves of the 18-bp IR was critical for the formation of a stable El-DNA complex.
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Identification of a consensus homology between the BPV-1 El binding site and comparable regions in other papillomaviruses. It has recently been shown that heterologous combinations of El and E2 proteins can support replication from papillomavirus origins of several species and subtypes (3) . This functional interchangeability implies that origins from various papillomaviruses will show sequence and/or structural similarity. Figure 8 shows sequences from the presumed origin regions of 15 animal and human papillomaviruses. Each sequence was aligned for maximal homology with the El binding region on BPV-1. While many of the papillomaviruses had IR elements that were less perfect than the one in BPV-1 (i.e., had more mismatches), we were able to define a symmetric consensus sequence, T-RY--TTAA--RY-A, that was evident in all 15 of the papillomaviruses. This consensus sequence spanned 16 bp and resided entirely within the 18-bp IR region that was sufficient for BPV-1 El binding to BPV-1 DNA. Within the 16 bp spanned by the consensus, only 10 nucleotide positions were highly conserved, and these positions may represent the critical nucleotides for El-DNA interactions. A point mutational analysis of this region is in progress to investigate this possibility. Previous studies indicated that the overall origin regions from BPV-1 and other animal and human papillomaviruses are highly conserved (3, 28, 34) . By focusing specifically on the 18-bp IR region, we identified a 16-bp symmetric consensus element (T-RY--YTAA--RY-A) that has not been previously described. This consensus element shows three degrees of conservation: (i) six positions, the outer two nucleotides (positions 1 and 16) , and the central four nucleotides (positions 7 to 10) are highly conserved and consist of specific nucleotides; (ii) four positions are less stringent in that they are conserved for either purines (nucleotides 3 and 13) or pyrimidines (nucleotides 4 and 14) rather than specific nucleotides, and (iii) the remaining positions (no. 2, 5, 6, 11, 12, and 15) are fairly variable, with three different nucleotides being observed at those positions. This sequence organization suggests that the six highly conserved positions will be critical for binding of all El proteins from different papillomaviruses, while the other positions may contribute to papillomavirus type-specific El-DNA interactions. We also noted that the 28-bp IR element in BPV-1 was not well conserved among other papillomaviruses (29) . Lack of conservation in this larger IR is consistent with the absence of sequences critical for El binding outside the 18-bp IR element.
A prediction from this conservation of the El binding region is that the BPV-1 El protein might bind to heterologous papillomavirus origins and might functionally substitute in replication. Chiang et al. recently confirmed the second part of this prediction recently by demonstrating that BPV-1 El could substitute for the human papillomavirus type 11 (HPV-l 1) El in replication in vivo (3) . We have shown that the BPV-1 El protein can bind to the homologous 18-bp IR in deer papillomavirus, through binding to HPV-la DNA could not be detected (29) . Deer papillomavirus has exactly the same sequence as BPV-1 for the 18-bp IR region, but diverges outside the boundaries of the 18-bp IR. Efficient binding of BPV-1 El to deer papillomavirus supports the contention that only sequences within the 18-bp IR are necessary for El binding specificity. The HPV-la sequence, however, differs from BPV-1 at four positions within the 18-bp region, three in nonconserved positions and one at a conserved pyrimidine position. The failure to detect BPV-1 El binding to HPV-la DNA is consistent with decreased binding affinity due to one or more of the nucleotide changes. Presumably, the cognate HPV-la El would be more efficient at recognizing the HPV-la sequences than is BPV-1 El. The results with HPV-la suggest that HPV-11 would be an even poorer substrate for BPV-1 El since it is more divergent with six nucleotide changes in the 18-bp region. If so, how could BPV-1 El substitute for HPV-I El in the replication assay? We speculate that the presence of the E2 protein in vivo compensates for weak El binding. The E2 protein, which has been shown to enhance El's ability to bind DNA (20, 23, 33) , likely restored sufficient binding of BPV-1 El to the HPV-11 origin to allow formation of functional replication complexes. Such restoration is consistent with the origin mutation studies of Spalholz et al. in which origins that bound El poorly in the absence of E2 could still replicate in vivo (23) .
From our current studies and those of other groups, the organization of the BPV-1 origin of replication is becoming more clearly defined. It is apparent that the BPV-1 origin has many features in common with the SV40 origin. Like SV40, the functional BPV-1 origin contains an initiation protein (El) binding region and an adjacent AT-rich sequence. In both cases, the binding region contains a palindromic core element with extensive protein-DNA contacts occurring beyond the limits of the palindrome. Given the recent demonstration of El helicase activity (20, 21) , these similarities in DNA organization and extended protein-DNA contact regions may reflect similar mechanisms for protein assembly and subsequent unwinding of origin DNA. However, while certain features are clearly similar, there are also significant differences. Unlike SV40, the BPV-1 origin also contains a binding site for a second viral protein, E2TA (26) . E2 enhances binding of El to the origin, but it remains to be seen whether the enhancement activity is merely a quantitative effect or whether it in fact confers a qualitative difference on El function. In addition, the SV40 origin contains a functionally significant static DNA bend (25) while no such bend occurs in the BPV-1 origin (18) . Thus, it is clear that the BPV-1 system will provide an alternative view of a eukaryotic origin. Identification of further differences and similarities between these two systems should continue to provide insight into fundamental aspects of replication initiation.
